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Influence of interfaces on the phonon density of states of nanoscale metallic multilayers:
Phonon confinement and localization
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Isotope-selective 57Fe nuclear resonant inelastic x-ray scattering (NRIXS) measurements and atomic-layer
resolved density functional theory (DFT) calculations were used to investigate the effect of interfaces on the
vibrational (phonon) density of states (VDOS) of (001)-oriented nanoscale Fe/Ag and Fe/Cr multilayers.
The multilayers in the experiment contained isotopically enriched 57Fe monolayers as probe layers located either at
the Fe/Ag or Fe/Cr interfaces or in the center of the Fe films. This allows probing of the vibrational dynamics of Fe
sites either at the buried interfaces or in the center of the Fe films. For Fe/Ag multilayers, distinct differences were
observed experimentally between the Fe-partial VDOS at the interface and in the center. At the Fe/Ag interface,
the high-energy longitudinal-acoustic (LA) phonon peak of Fe near ∼35 meV is suppressed and slightly shifted
to lower energy, and the low-energy part of the VDOS below ∼20 meV is drastically enhanced, as compared
to the Fe-specific VDOS in the center Fe layers or in bulk Fe. Similar phenomena are found to a less degree in
the Fe/Cr multilayers. The measured Fe-partial VDOS was used to determine the Fe site-selective vibrational
thermodynamic properties of the multilayers. Our theoretical findings for the layer-dependent VDOS of the
multilayers are in qualitative agreement with the experimental results obtained by NRIXS. For Fe/Ag multilayers,
which are characterized by a large atomic mass ratio, the experimental and theoretical results demonstrate phonon
confinement in the Fe layers and phonon localization at the Fe/Ag interfaces due to the energy mismatch between
Ag and Fe LA phonons. These phenomena are reduced or suppressed in the Fe/Cr multilayers with their about
equal atomic masses. Moreover, direction-projected Fe VDOS along the (nearly in-plane) incident x-ray beam
was computed in order to address the intrinsic vibrational anisotropy of the Fe/Ag multilayer. We have also
performed spin-resolved electronic band structure (DFT) calculations, predicting an enhanced magnetic moment
(μFe = 2.8 μB) of the interfacial Fe atoms and a high electron spin polarization (79%) at the Fermi energy for
the Fe/Ag interface, as compared to the case of Fe center layers. This is a result of charge transfer from Fe to
Ag at the interface. On the contrary, Cr tends to donate electrons to Fe, thus reducing the interfacial Fe moment
(μFe = 1.9 μB). This implies strong chemical bonding at the Fe/Ag and Fe/Cr interfaces, affecting the interfacial
VDOS.
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I. INTRODUCTION

In quest of the nature of the vibrational (phonon) spectrum
in two-dimensional (2D) solids, such as nanoscale multilayers
(or superlattices) and their interfaces, intriguing phenomena
have been observed in the last decades [1], which have no
counterpart in the corresponding bulk materials. A multilayer
is an artificial periodic structure made by alternately stacking
of nanoscale thin films, A and B, of different elastic ma-
terials with different Debye temperatures and with different
atomic masses. The discovered phenomena imply Brillouin
zone folding of acoustic phonon modes, phonon confinement,
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and phonon localization [1]. Zone folding of the dispersion
relations E(q) (E = phonon energy, q = phonon quasimo-
mentum) may appear because of the artificial periodicity
of the multilayer structure [1], and may result in phonon
energy band gaps in the Brillouin zone for such nanoscale
”hypersonic phononic crystals” [2,3]. In phonon confinement,
no propagating phonon mode is allowed in one of the con-
stituent thin-film layers, A or B, whereas phonon localization
implies vibrational modes with a limited number of vibrating
atoms, e.g., at the interface between the constituents [1]. As
compared to the properties of the bulk materials A and B, zone
folding, confinement, and localization in multilayers leads to
modification of the phonon dispersion relations and of the
phonon spectrum, i.e., of the vibrational (phonon) density of
states (VDOS), g(E) [4]. These modifications have impact on
the vibrational thermodynamic properties, such as, e.g., the
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vibrational specific heat C and vibrational entropy S, which
are connected to g(E) by well-known thermodynamic relations
[5–8]. In addition, phononic transport, i.e., the phonon thermal
conductivity κ , in nanoscale periodic structures, including
multilayers, has become of particular interest [4,9–11], be-
cause materials with low thermal conductivity are employed
in modern technologies, e.g., in superlattice thermoelectric de-
vices [12–14]. Balandin and Wang [15] predicted the effect of
acoustic phonon confinement and corresponding modification
of their group velocities on the thermoelectric figure of merit
of quantum wells and superlattices. The thermal conductivity
is given by the phenomenological kinetic theory expression
[16] κ = (1/3)Cv2τ = (1/3)Cvλ (where C is the vibrational
specific heat per unit volume, v is the average phonon velocity
or average group velocity, τ is the phonon lifetime, and λ

is the phonon mean-free path between collisions). Thus κ

is indirectly related to g(E) via the specific heat C and
to the group velocity. The interface in multilayers plays an
important role, since interface scattering of phonons is a very
efficient way of stopping the flow of phonons in multilayers
[13,14,17]. In molecular dynamics model calculations by
Mizuno et al. [4], who used atomic Lennard-Jones potentials in
their computations, the reduction of the thermal conductivity
in nanoscale multilayers is attributed to the decrease of the
average phonon group velocity (implying a modified VDOS)
relative to the bulk and to phonon localization, in addition to
interfacial phonon scattering. Thus the VDOS, modified at the
interface between the materials A and B, might be involved in
reducing the thermal conductivity in nanoscale multilayers.
However, Lennard-Jones potentials [4] are inappropriate to
adequately describe the atomic potential in metallic multilayers
because of the inherent itinerancy of metal electrons. In a recent
study, Dechaumphai et al. [18] demonstrated for nanoscale
Au/Si multilayers that the interfacial thermal resistance (ITR)
dominates the behavior of cross-plane (perpendicular to the
multilayer plane) phonon transport, and that the ITR is dictated
by the contrast in acoustic properties of Au and Si, which
are phenomenologically characterized by their large Debye
temperature (θD) ratio of θD(Si)/θD(Au) ∼ 3.9. A model, often
used for calculating the thermal (phonon) boundary conduc-
tance between materials A and B, is the “diffusive mismatch
model” (DMM) [18,19], where the phonon group velocity and
the vibrational (phonon) density of states (VDOS) enter as
decisive quantities. Reddy et al. [20] pointed out the limita-
tions of the Debye approximation in DMM calculations, and
Dechaumphai et al. emphasized the use of DMM-calculated
bulk (three-dimensional) full phonon dispersion relations in
order to correctly describe the ITR in Au/Si multilayers [18].
However, the use of the bulk phonon dispersion for the interface
in A/B multilayers is very problematic, as the phonon DOS in
metallic multilayers is known from experiment [21] to depend
on the individual nanoscale film thickness as well as on the
ratio of the upper phonon cut-off frequencies (i.e., on the
phonon contrast) of the two multilayer materials A and B.
Therefore knowledge of the phonon DOS at interfaces becomes
of paramount interest for the basic understanding and engi-
neering of low-dimensional devices. The VDOS in nanoscale
multilayers, including the VDOS at interfaces, appears to be
one of the important quantities for the description of the vibra-
tional thermodynamics and phonon transport in such systems

[3,4]. Furthermore, in order to recognize the significance of
solid-solid interfaces, one should notice that interface-induced
superconductivity appears to exist in epitaxial FeSe ultrathin
films on SrTiO3(001) substrates [22] and interfacial mode
coupling (most probably between optical SrTiO3 phonons and
FeSe electrons at the interface) was inferred as the origin of the
enhancement of the superconducting transition temperature in
FeSe/SrTiO3 [23].

The fundamental question of how the VDOS, g(E), in
nanoscale metallic multilayers is modified as compared to bulk
materials is rather unexplored and remains an experimental
challenge to date. Raman spectroscopy is the method of choice
for studying phonons in semiconducting superlattices [24–27].
A study of nanoscale metallic (Co/Ru) multilayers by Raman
spectroscopy was reported by Grimsditch et al. [28], who
observed confined optical phonons. However, Raman spec-
troscopy is sensitive to long wavelength phonons only, and can-
not be used to determine g(E). This applies also for Brillouin
light scattering, which revealed localized phonon modes due
to interface-induced modifications of elastic force constants in
metallic multilayer structures [29–31]. The classical method
of inelastic neutron scattering remains a challenge because
of insufficient sensitivity. First-principles calculations [32]
for monolayer-scale Fe(001)/Au(001) superlattices predicted
drastic variations of g(E) with tAu and tFe, where t is the
individual layer thickness.

In the present work we employ isotope-selective 57Fe
nuclear resonant inelastic x-ray scattering (NRIXS) mea-
surements, supported by atomic-layer resolved first-principles
density-functional-theory (DFT) based calculations, in order
to investigate the impact of interfaces on the vibrational
(phonon) density of states of (001)-oriented Fe/Ag or Fe/Cr
nanoscale metallic multilayers. The multilayers in the exper-
iment carried isotopically enriched 57Fe monolayers as probe
layers located either at the Fe/Ag or Fe/Cr interfaces or in
the center of the otherwise 56Fe films. This allows probing
the vibrational dynamics of 57Fe sites either at the buried
interfaces or in the center of the Fe films. We selected the
Fe/Ag system because of the different elastic properties of
the constituents [atomic mass ratio of mAg/mFe ∼ 2 and bulk
Debye temperatures [16] of θD(Ag) = 225 K (soft metal) and
θD(Fe) = 470 K (hard metal), and compared with the results
on the Fe/Cr system with relatively similar elastic properties of
the components (mCr/mFe ∼ 1,θD(Cr) = 630 K (hard metal),
and θD(Fe) = 470 K (hard metal)]. For the Fe/Ag multilayers,
distinct differences were observed experimentally between the
partial (unprojected) or direction-projected partial Fe-VDOS
at the interface and in the center layers. These effects are
found to be less pronounced in the Fe/Cr multilayers. Our
theoretical findings for the layer-dependent VDOS are found
to be in qualitative (for Fe/Ag) and quantitative (for Fe/Cr)
agreement with the experimental results obtained by NRIXS.
For Fe/Ag multilayers, the experimental and computed results
demonstrate phonon confinement in the Fe layers and phonon
localization at the Fe/Ag interfaces due to energy mismatch
between the Ag and Fe (high-frequency) longitudinal phonons.
Further, in the calculations, we investigate the effect of the
vibrational anisotropy of the Fe interface layers in the multi-
layers on the partial Fe-VDOS and compare with experiment.
With respect to the influence of interfaces on the VDOS,
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FIG. 1. Schematic experimental [(a) and (b)] and theoretical [(c)
and (d)] structural models of [(a) and (c)] Fe/Ag and [(b) and (d)]
Fe/Cr multilayers. In the drawing of the experimental samples, the
57Fe layers are plotted in red when they are located at the interface
of Ag or Cr, and in blue when they are placed at the center of a
56Fe layer. In the theoretical plots, the numbers indicate out-of-plane
atomic distances. Symbols: Ag atoms (silver), Fe atoms (gold), and
Cr atoms (blue).

preliminary results on Fe/Cr(001) superlattices have been
reported previously [33].

II. EXPERIMENTAL PROCEDURE AND SAMPLE
CHARACTERIZATION

A. Sample preparation

A sketch of the sample composition in our experiment and
in our DFT calculations is given in Figs. 1(a)–1(d), respec-
tively. Fe/Cr and Fe/Ag multilayers were grown by ultrahigh-
vacuum (UHV) deposition of the metals on epi-polished
MgO(001) substrates. The preparation method of our Fe/Cr
multilayers is described in detail in Refs. [33–35]. The method
for Fe/Ag growth is similar to that for Fe/Cr. The MgO(001)
substrates were cleaned using isopropanol before insertion into
the UHV chamber. They were heated in UHV at 900 °C for 30
min to remove surface contaminants and to anneal the surface
structure. First, a 50-Å thick Cr(001) buffer layer was grown
at 670 °C on the annealed MgO(001) surface. Subsequently,

the Fe/Ag multilayer was prepared at TS = 160 ◦C, which is
the same growth temperature as for our Fe/Cr multilayers,
and is only slightly lower than the growth temperature of
180 °C used in Ref. [36] to prepare Fe/Ag multilayers by
UHV deposition. The pressure during Fe/Ag growth was 1 ×
10−9 mbar. High-purity metals (Ag: 99.999 at.%; 57Fe: 95.5%
isotopically enriched; 56Fe: 99.5% isotopically enriched; Cr:
99.999 at.%) were evaporated from resistively heated effusion
cells with deposition rates of 3.0 Å/min for Ag, 4.2 Å/min for
Mössbauer nonactive 56Fe, and 1 Å/min for Mössbauer-active
57Fe, as measured by calibrated quartz-crystal oscillators.
The multilayers were capped with 50 Å of Cr for protection
against oxidation. During molecular beam epitaxy at growth
temperatures of 190 ◦C–200 ◦C, nearly no interdiffusion of
56Fe/57Fe was found [37]. Our growth temperature of 160 °C
is even below this temperature range. Therefore, in our case,
56Fe/57Fe interdiffusion is nearly negligible. We have prepared
and studied two types of Fe/Ag samples with individual film
thicknesses of tFe = 13.5 Å (9.4 ML) and tAg = 16.3 Å (8.0
ML):

MgO(substr.)/Cr(35ML)/[Ag(8ML)/57Fe(0.7ML)/56Fe
(8ML)/57Fe(0.7ML)]100/Cr(35ML)(cap) (Fe/Ag “interface”
sample)

and

MgO(substr.)/Cr(35ML)/[Ag(8ML)/56Fe(4ML)/57Fe
(1.4ML)/56Fe(4ML)]57/Cr(35ML)(cap) (Fe/Ag “center”
sample).

[We have used the thickness conversion 1 ML Fe(001) =
1.433 Å, 1 ML Ag(001) = 2.043 Å, and 1 ML Cr(001) =
1.442 Å].

As will be shown below, multilayer Fe/Ag “interface” and
Fe/Ag “center” samples are characterized by a strong crys-
tallographic Ag(200) texture. In the Fe/Ag interface sample,
0.7-ML-thick 57Fe probe layers were deposited at both Fe/Ag
interfaces of the 8-ML-thick 56Fe layer, and the multilayer
period was repeated 100 times. In the Fe/Ag center sample,
a 1.4-ML-thick 57Fe probe layer was deposited in the center
of the 8-ML thick 56Fe layer, and the multilayer period
was repeated 57 times. Isotopically enriched 56Fe was used,
which gives no nuclear resonance signal. Therefore the nuclear
resonance signal originates only from the isotopically enriched
57Fe probe layers alone, i.e., from the Ag/Fe interfaces in the
Fe/Ag interface sample and from the center part of the Fe
layers in the Fe/Ag center sample.

We have also investigated epitaxial Fe(001)/Cr(001) mul-
tilayers with individual film thicknesses of tFe = 12.5 Å (8.7
ML) and tCr = 11.5 Å (8 ML) for comparison with the Fe/Ag
multilayers. The Fe(001)/Cr(001) multilayers have the follow-
ing composition:

MgO(substrate)/Cr(35ML)/[Cr(8ML)/57Fe(0.7ML)/56

Fe(8ML)]200/Cr(35ML)(cap) (Fe/Cr “interface” sample)

and

MgO(substrate)/Cr(35ML)/[Cr(8ML)/56Fe(4ML)/57Fe
(0.7ML)/56Fe(4ML)]200/Cr(35ML)(cap) (Fe/Cr “center”
sample).

In the interface sample, the 0.7-ML-thick 57Fe probe layers
were only deposited at one of the two types of interfaces,
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i.e., at the “Fe-deposited-onto-Cr” interface. Some preliminary
physical properties of the Fe/Cr multilayers have been reported
previously [33–35,38], for instance, their excellent layered
structure and their (preliminary) vibrational (phonon) density
of states (VDOS).

B. Structural characterization

1. Crystallographic orientation

The crystallographic structure of the Fe/Ag and Fe/Cr
multilayers was investigated by x-ray diffraction (XRD). Fig-
ure S1 (see Ref. [39]) shows conventional high-angle (�-2�)
XRD patterns of the two Fe/Ag multilayers (interface and
center samples, respectively). These data provide evidence
of a pronounced crystallographic (200) texture of the Ag
layers in both samples, in agreement with Ref. [36]. There
is justification to assume that our thin Fe layers (13.5 Å),
deposited at 160 °C, preferably grow with (200) texture on the
(200)-textured Ag films throughout the entire multilayer. This
type of orientation is favorable, since the two (200) surface
lattices of bcc Fe and fcc Ag are in almost perfect in-plane
registry after a mutual rotation of 45° about the surface normal
[40], and Fe(200)/Ag(200) epitaxial growth [which often is
labeled as Fe(001)/Ag(001) epitaxy] has been often reported
in the literature [41–43]. Also, one has to consider in the
XRD pattern that the atomic scattering factor (f 2) of Ag is
significantly larger than that of Fe [44].

The XRD scans in Fig. S1 (Ref. [39]) provide the following
lattice parameters (perpendicular to the film plane) for Ag
and Fe, respectively: aAg = 4.061 Å, aFe = 2.892 Å for the
interface sample, and aAg = 4.071 Å, aFe = 2.884 Å for the
center sample. The lattice parameter of the Ag (Fe) layers in
our multilayers is slightly reduced (enhanced) with respect
to the value of the bulk material (aAg(bulk) = 4.086 Å and
aFe(bulk) = 2.866 Å [43]). The ratio aAg/aFe is 1.43 for the
bulk and is found to be 1.40 for the interface sample and 1.41
for the center sample. It is known that deviations from the bulk
lattice parameters may be found in multilayers [36].

The high-angle XRD patterns of our two Fe(001)/Cr(001)
multilayer samples have been presented and discussed pre-
viously [33–35] and will not be shown here again. In brief,
two symmetrical superstructure satellite peaks around the
Cr/Fe(200) reflection demonstrate the high-quality superlat-
tice structure of our Fe(001)/Cr(001) multilayers. Similar
superlattice peaks around the Ag(200) reflection have not
been observed for our Fe/Ag multilayers, indicating that
the topological layer quality is much better for our Fe/Cr
superlattices as compared to the Fe/Ag multilayers.

2. Multilayer periodicity

Figure S2 (see Ref. [39]) displays the small-angle
(�-2�) x-ray reflectivity patterns of the multilayers
[Fe(13.5 Å)/Ag(16.3 Å)]100 (interface sample) and
[Fe(13.5 Å)/Ag(16.3 Å)]57 (center sample), together with
a simulation for the ideal [Fe(13.5 Å)/Ag(16.3 Å)] multilayer
system with homogeneous layers and sharp interfaces.
Both samples show only a weak first-order superlattice
reflection at 2� ≈ 3◦, and no higher-order interferences. The

FIG. 2. 57Fe conversion-electron Mössbauer spectra (CEMS)
taken at 25 °C from (a) Fe/Ag, and (b) Fe/Cr multilayers: (i)
“interface” and (ii) “center” samples. In (a)(ii), the data were fit with
one sextet with sharp Lorentzian lines (blue line). In (a)(i), (b)(i), and
(b)(ii), the data were least-squares fit with two spectral components: a
sextet with sharp Lorentzian lines (green line), and a component (blue
line) characterized by a distribution, P (Bhf ), of hyperfine magnetic
fields Bhf (shown in each case on the right-hand side). Red lines: fits to
the data. The fit parameters obtained are shown in Table SI (Ref. [39]).

simulated first-order peak approximately coincides with the
corresponding measured first-order reflection of both samples.
This proves that in average the nominal Fe-Ag bilayer
period (29.8 Å) agrees with the measured bilayer period.
However, the absence of measured higher-order reflections
demonstrates large interface roughness in our multilayers
at such low individual film thicknesses of tFe = 13.5 Å
and tAg = 16.3 Å. We conclude that the individual Fe and
Ag films are no homogeneous films, but possess an island
structure, as in similar Fe/Ag multilayers described in the
literature [36]. However, we may exclude severe chemical
intermixing of Fe and Ag as a reason for the disappearance
of higher-order reflections in Fig. S2, as demonstrated by our
57Fe conversion-electron Mössbauer spectra (CEMS) on these
samples [see Figs. 2(a) and 2(b)]. The x-ray (θ -2θ ) specular
scans shown in Fig. S2 (Ref. [39]) provide only a qualitative

024308-4



INFLUENCE OF INTERFACES ON THE PHONON DENSITY … PHYSICAL REVIEW B 98, 024308 (2018)

picture of the Fe/Ag interface roughness. In order to obtain
quantitative information on the presumed interfacial island
structure sophisticated measurements and modeling of the
off-specular diffuse x-ray intensity is required [45], which is
beyond the scope of the present work.

As to the Fe(001)/Cr(001) multilayers, representative
small-angle reflectivity patters from similar samples show a
strong first-order and a weaker third-order low-angle super-
structure peak [34]. These observations provide proof of the
high superlattice quality combined with flat interfaces in our
Fe/Cr superlattices. However, our CEMS results (next section)
indicate some diffusion of Cr atoms into the Fe layers, as shown
below.

3. Local environment of Fe atoms

a. Fe/Ag multilayers. In order to obtain information on the
atomic environment of the Fe atoms in the Fe/Ag multilayers,
we have performed 57Fe conversion-electron Mössbauer spec-
troscopy (CEMS) at room temperature (RT). The measured
CEMS spectra are shown in Fig. 2(a) for the Fe/Ag multilayer
and in Fig. 2(b) for the Fe/Cr multilayer. The interface samples
are further labeled as (i) and the center samples as (ii).

The spectrum of the Fe/Ag center sample is characterized
by a nuclear Zeeman-split sextet with narrow Lorentzian lines
[linewidth (FWHM) � = 0.31 mm/s], typical for a unique
57Fe lattice site. The hyperfine parameters obtained from a
least-squares fit of the data are given in Table SI (see Ref. [39]).
The Mössbauer parameters of the Fe/Ag center sample are in
good agreement with the hyperfine parameters measured at
room temperature with our Mössbauer spectrometer on a bcc
(α-) Fe calibration foil (hyperfine field Bhf = 33.0 T, isomer
shift δ = 0.0 mm/s, and � = 0.27 mm/s). We may conclude
that 57Fe probe-layer atoms in the center of the Fe films, which
are a distance of 4-ML Fe away from the Fe/Ag interface,
have a bcc-Fe-type of local environment and do not sense
any measurable influence from Ag atoms in the neighboring
Ag(001) layers. Based on this observation, we consider Fe-
Ag long-range chemical intermixing in these multilayers as
negligible. Negligible Fe-Ag interdiffusion is supported by the
fact that the Fe-Ag system is known to be immiscible in the
bulk [46], and that the relatively high preparation temperature
(160 °C) of our multilayers favors Fe-Ag chemical segregation.

Clearly, the Fe layers in the Fe/Ag multilayer (center)
are ferromagnetically ordered at room temperature, and are
not superparamagnetic, as the appearance of the magnetically
split sextet in Fig. 2(a)(ii) demonstrates. [Superparamagnetism
would result in a central singlet or doublet feature which,
however, is absent in Fig. 2(a)(ii).] Furthermore, the line
intensity ratio (or spectral area ratio) of line 2 (or line 5) and
line 3 (or line 4) (counted from left to right) is measured
to be x = I2/I3 = I5/I4 = 3.5. Use of the relation 〈�〉 =
arccos([(4 − x)/(4 + x)]1/2) (Ref. [47]) provides a value for
the average Fe spin direction (average spin canting angle
〈�〉) between the direction of the incident γ ray (or film
normal direction) and the Fe spin direction of 〈�〉 = 75◦. This
demonstrates that in average the Fe magnetic moments in the
center of the Fe layers are tilted by 75° away from the film
normal direction, i.e., they are preferentially oriented in the
film plane.

The CEM spectrum of the Fe/Ag interface sample
[Fig. 2(a)(i)] is different from that of the center sample
[Fig. 2(a)(ii)]. The former also consists of an apparent Zeeman
sextet, but the apparent outer lines 1 and 6 are clearly non-
Lorentzian (they are asymmetric towards the inner sides). This
asymmetry reflects the influence of interfacial Ag atoms on
the hyperfine properties of the interfacial 57Fe probe atoms.
Therefore the spectrum had to be analyzed in terms of two
different sextet components. First, sextet 1, which causes the
apparent line asymmetry, implying a static distribution of
hyperfine fields, P(Bhf ), as shown on the right-hand side of
Fig. 2(a)(i); P(Bhf ) is caused by the interaction of interfacial
57Fe-probe layer atoms with interfacial Ag atoms. Second, a
sextet with sharp Lorentzian lines, originating from 57Fe-probe
layer atoms that are not affected by interfacial Ag atoms and
are located farther away from the interface. The hyperfine
parameters for the interface Fe/Ag multilayer, obtained from
least-squares fitting, are given in Table SI (see Ref. [39]).
Within error margins, Bhf and δ of the sharp sextet in Fig. 2(a)(i)
are in agreement with the corresponding values for bulk bcc
Fe. This demonstrates that the majority of the 57Fe atoms in the
probe layer (i.e., 74%, as obtained from the relative spectral
area of the sharp sextet) experience an undisturbed bcc-Fe
environment, while only 26% of the 57Fe atoms are in contact
with Ag interface atoms.

It is well known that Ag near-neighbor atoms (relative to
the case of α-Fe at room temperature) reduce the magnitude
of the hyperfine field Bhf (at room temperature) and increase
the isomer shift δ of 57Fe atoms [47]. If the nominally 0.7-
ML-thick 57Fe(001)-probe layer were grown perfectly flat on
a flat Ag(001) layer, we would expect that all 57Fe probe-layer
atoms (100%) are in direct contact with interfacial Ag atoms.
This is not the case, however, as we measure that only 26%
of the 57Fe atoms in the probe layer sense Ag atoms. This
corresponds to an equivalent of only ∼0.2 ML of 57Fe atoms
in the probe layer. The majority (74%) of the 57Fe-probe
layer atoms (equivalent to ∼0.5 ML of 57Fe in the probe
layer) are not in contact with Ag interface atoms. We may
conclude that the majority of the 57Fe atoms of the probe
layer reside in the volume of bcc-Fe-type islands, the latter
having a smaller surface-to-volume ratio than an ideally flat Fe
atomic layer. Thus the concept of island growth of our films,
inferred from small-angle x-ray reflectivity measurements
(Fig. S2, see Ref. [39]) is qualitatively confirmed by CEMS.
As mentioned above, very likely Fe-Ag intermixing plays
only a minor role, even at the 57Fe/Ag interface, since severe
intermixing would increase the fraction of Ag neighboring
atoms for 57Fe atoms in the probe layer, and keep this fraction
high (near 100%), in contrast to our measured fraction of
only 26%.

The appearance of the magnetically split sextets in
Fig. 2(a)(i) (measured in zero applied magnetic field) proves
that the Fe layers in the Fe/Ag interface sample are ferro-
magnetic and not superparamagnetic. Also, this is true for the
center sample, Fig. 2(a)(ii). Obviously, the Fe island size in
both samples is large enough (or the islands interact with each
other) to prevent superparamagnetism at room temperature.
Furthermore, the average Fe spin orientation in the interface
sample is also preferentially in the film plane (Table SI, see
Ref. [39]).
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b. Fe/Cr multilayers. Figure 2(b) displays CEM spectra
taken at room temperature from the interface 57Fe probe
layer (i) and the center 57Fe probe layer (ii) in the Fe/Cr
multilayers. The spectrum of the center sample is characterized
by a dominant Zeeman-split sextet with narrow Lorentzian
lines, and a weak sextet with broadened outer lines typical
for a distribution of hyperfine fields P(Bhf), as shown on the
right-hand side. The Mössbauer parameters of the sharp sextet
(Table SI, Ref. [39]) are similar to those of bcc Fe. Thus the
sharp sextet originates from 57Fe probe-layer atoms in the
center of the 8-ML-thick 56Fe layer that do not experience
interaction with Cr atoms. On the other hand, the weak P(Bhf )
distribution should arise because a fraction of 57Fe probe-layer
atoms (41% according to Table SI, Ref. [39]) in the center of
the Fe film sense Cr atoms in their local environment. This
reveals that some Cr diffusion into the neighboring 56Fe layers
over a distance of 4 ML Fe occurs, which reaches some 57Fe
atoms even in the center of the 56Fe layers. This behavior is
different from that in the center Fe/Ag multilayer, where no
Ag diffusion into the center of the Fe film could be detected
[see the sharp bcc-Fe-like sextet in Fig. 2(a)(ii)].

It is striking that the CEM spectrum of the Fe/Cr interface
sample in Fig. 2(b)(i) looks very different from the correspond-
ing spectrum of the Fe/Ag interface sample [Fig. 2(a)(i)]. The
Fe/Cr interface spectrum was fitted with a sharp sextet (of 21%
in relative spectral area) and a distribution of hyperfine fields
P (Bhf ) (of 79% in relative spectral area), the latter displayed
in Fig. 2(b)(i) on the right-hand side. The very wide P (Bhf )
distribution is characterized by several peaks, i.e., several
distinct 57Fe sites, as a result of the interaction with nearest
and next-nearest Cr atoms in the alloyed Fe/Cr interfacial
region [34,37,48–51]. Here, the average hyperfine field, 〈Bhf〉,
averaged over the distribution P (Bhf ), is found to be 22.2 T. It is
interesting that small angle x-ray reflectometry (see Ref. [34],
Fig. 2) (which gives information on the mesoscopic scale) of
our epitaxial Fe(001)/Cr(001) multilayer center and interface
samples provides evidence of the high-quality superlattice
structure implying sharp interfaces on a mesoscopic scale,
while CEMS (providing information on the atomic scale)
demonstrates that the interfaces in the same Fe/Cr multilayer
samples are not sharp but chemically intermixed [34,37,48–
51].Quantitatively, we measure that out of the 0.7-ML-thick
57Fe probe layer at the Fe/Cr interface an equivalent of
0.55 ML of 57Fe sense Cr atoms, whilst only 0.15 ML of 57Fe
do not interact with Cr atoms and have a bcc-Fe-type of local
surroundings.

The wide distribution of hyperfine fields in the Fe/Cr
case (as, e.g., for our Fe/Cr interface sample) occurs in
random bulk Fe-Cr alloys [52] and near intermixed Fe/Cr
interfaces [34,37,48–51]. It is the existence of 57Fe atoms with
a distribution of local (atomic) magnetic moments [34,51] and
with different local (atomic) environments near the alloyed
Fe/Cr interface that leads to the apparent satellite lines in
the Mössbauer spectra [Fig. 2(b)(i)] and, accordingly, to the
wide P(Bhf ) distribution. Nearest (nn) and next-nearest (nnn)
neighboring Cr atoms (relative to a 57Fe atom) in random
bulk Fe-Cr alloys induce a large hyperfine-field change (de-
crease) of �Bhf (nn) = −3.02 to −3.21 T per nn Cr atom and
�Bhf (nnn) = −2.29 to −2.16 T per nnn Cr atom, respectively
(as compared to the ‘undisturbed’ pure bcc-Fe hyperfine field

Bhf of 33.0 T for the 57Fe atom at room temperature), resulting
in the wide P(Bhf ) distribution [52]. A similar situation is found
in the Fe/Cr interface region due to diffusion of Cr atoms
into the Fe layers [34,37,48–51]. For the Fe/Ag(001) system,
the hyperfine distribution P(Bhf) reported in the literature
[47] is much narrower than in the Fe/Cr case due to very
small or negligible interdiffusion of Fe/Ag. Furthermore, the
magnitude of the (effective) �Bhf (nn) ∼ –1.6 T per nn Ag
atom for Fe/Ag(001), as estimated for the “interface site
1” with Bhf = 26.7 T and with 4-nn Ag atoms in Ref. [47]
appears to be about a factor of 2 smaller than the magnitude of
�Bhf (nn) = –3.02T per nn Cr atom for Fe/Cr.

C. Nuclear resonant inelastic x-ray scattering (NRIXS)
57Fe NRIXS measurements were performed at room tem-

perature at the undulator beamline 3-ID at the Advanced
Photon Source, Argonne National Laboratory. The method of
NRIXS is selective to the 57Fe resonant isotope and measures
the phonon excitation probability, as described in Refs. [53–
56]. This provides the Fe-partial phonon (vibrational) density
of states (VDOS) rather directly with a minimum of mod-
eling [57]. The monochromatized synchrotron radiation was
incident onto the thin-film multilayers under a grazing angle
of ≈4◦. The synchrotron-beam energy was scanned around
the resonant energy of the 57Fe nucleus (14.413 keV) with an
energy resolution �E of 2.3 meV for the Fe/Cr superlattices
and 0.9 meV for the Fe/Ag multilayers. For each sample, the
instrumental resolution function was determined by measuring
the nuclear forward scattering intensity. The collection times
were ∼10–24 h per spectrum. The evaluation of the NRIXS
spectra was performed using the PHOENIX software by W.
Sturhahn [57].

We like to make a remark on the angular emission probabil-
ity of phonons, as the synchrotron x-ray beam with wave vector
k0 impinges on the multilayer surface at grazing incidence in
our experiment. The NRIXS signal is sensitive to the projection
〈k0 • u〉 of the displacement vector u of the Fe atom on
the photon wave vector k0 [58], i.e., the Fe-specific VDOS
measured by NRIXS are projections of the real Fe-VDOS onto
the x-ray beam direction k0. This fact could become important
in the case of anisotropic solids [59], such as the present
Fe(001)/Ag(001) interfaces which might show vibrational
anisotropy by its structure. In NRIXS, only such phonons (of
mode j ) can be excited whose displacement vectors u [or
polarization vectors ej (q)] possess a component parallel to
the beam direction k0. More specifically, the incoherent cross
section [probability W (E)] of nuclear resonance absorption for
a particular phonon energy E and phonon momentum vector q
is given by [59]

W (E) ∼ |s • ej(q)|2, (1)

where ej(q) is the polarization vector of vibrations for the Fe
atom in the phonon mode j [58,59], and s = k0/|k0| is the
unit vector in the photon momentum direction. This implies
a scaling of W(E) with cos2(�), with � being the angle
between the phonon polarization vector ej(q) and the x-ray
direction s. Here, the index j refers to longitudinal acoustic
(LA) or transverse acoustic (TA) phonon modes. Equation (1)
tells us that NRIXS should be able to detect any phonons
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whose polarization vector has a component along the incident
x-ray direction, which is nearly in the film plane (off by
∼4◦ only) in our setup. For a polycrystalline sample, in the
average |s • ej(q)|2 = constant and the VDOS is independent
of the angle θ [8,59]. Phonons with ej(q) perpendicular to
the incident x-ray direction are not sensed by NRIXS. In this
sense, the phonon DOS obtained by NRIXS on our epitaxial
(anisotropic) multilayers are Fe-partial as well as directionally
“projected” Fe-VDOS. This is in contrast to the computed Fe-
VDOS (see Sec. IV B 1), which are atom-projected (Fe-partial)
total VDOS and not direction-projected VDOS. Therefore
some differences between the theoretical and experimental Fe-
VDOS might be expected. However, we anticipate observing
some general trends by comparing the experimental and the
computed non-projected Fe-VDOS. For comparison, we have
computed also Fe-projected (projected along the incident x-ray
beam direction) VDOS for Fe/Ag and Fe/Cr, as described in
Sec. IV B 3.

III. THEORETICAL METHODS

Density functional theory (DFT) [60,61] calculations were
performed to investigate the formation of Fe/Ag and Fe/Cr
multilayers within the projector augmented wave (PAW)
method [62] implemented in the Vienna ab initio simulation
package (VASP) [63,64]. The schematic models for Fe/Ag and
Fe/Cr multilayers together with their interfaces are presented
in Figs. 1(c) and 1(d), respectively. The model Fe/Ag (Fe/Cr)
multilayer system consists of 8-ML Fe and 8-ML Ag (Cr)
to mimic the experimental thickness of the corresponding
multilayer system (see Sec. II A). We use a (2 × 2) plane
unit cell. Thus each model system is made of 32 Fe and
32 Ag (Cr) atoms. The Fe/Ag interface was modeled by
creating epitaxial 45° rotated fcc(100) layers on top of bcc(100)
layers. Such an interface enables almost a perfect lattice match
between Fe and Ag layers reducing surface tension in the
interface, whose (bulk) experimental lattice constants (2.87
and 4.09 Å, respectively) differ by a factor of 1.43 (1.466
in case of theoretical lattice constants: 2.83 and 4.15 Å,
respectively). Similarly, the Fe/Cr interface was modeled by
epitaxial layers of bcc(100). In this case, both elements have
almost identical (experimental) lattice constants (2.87 and
2.88 Å, respectively). Moreover, in order to further reduce
any interfacial tension present, we performed a variable cell
minimization of these model structures. In the technique,
supercell shapes and sizes can be changed using the supercell
stress. Such structures have negligible stress. The resulting
supercells have the following dimensions: 5.68 Å × 5.68 Å
× 22.6 Å for Fe/Cr and 5.73 Å × 5.73 Å × 28.6 Å for
Fe/Ag. Also, the entire multilayers in the supercells are fully
relaxed until the forces on atoms reduce to below 0.01 eV/Å.
We use a 6 × 6 × 1 k mesh for sampling the Brillouin zone
and a Fermi-level smearing of 0.2 eV. Exchange-correlation
energy is included in the calculation using the Perdew-Burke-
Enzerhof functional [65]. The cutoff energy for plane waves
was 340 eV. The threshold for electronic energy convergence
was set to 1 × 10−5 eV (1 × 10−8 eV for phonon calculations),
and that for structural optimization to <1 × 10−2 eV/Å. These

settings allow accurate calculations of forces and energies,
which are needed for calculations of phonons.

For the calculation of the phonon density of states we
employed the PHONOPY code [66,67]. The phonon dispersion
curves are calculated using the direct method [68], in which
vibrational frequencies and eigenvectors can be obtained by
diagonalization of the dynamical matrix which contains the
force constants calculated from the forces on atoms obtained by
displacing individual atoms. We use VASP to obtain the forces.
The supercell size used in the calculation is 2 × 2 × 2. The
resulting supercells have the following dimensions: 11.36 Å ×
11.36 Å × 45.2 Å for Fe/Cr and 11.46 Å × 11.46 Å × 57.2 Å
for Fe/Ag. The theoretical phonon DOS of Sec. IV B 1 (below)
are only atom-projected (partial) VDOS and not direction-
projected (partial) VDOS (see Sec. II C). However, results of
calculations of the direction-projected partial Fe-VDOS for
Fe/Ag and Fe/Cr using PHONOPY will be reported in Sec.
IV B 3 below. The angular-momentum-decomposed electronic
local density of states (DOS) of the multilayers was calculated
by projecting the wave function into the PAW sphere at each Ag
(or Cr) atom. Bader charge analysis [69,70] was also performed
to calculate charge redistribution in the interface. The magnetic
moment of each atom is obtained by integrating spin-up minus
spin-down charge densities within each Bader volume.

IV. RESULTS AND DISCUSSION

A. Experiment

Figure 3 exhibits the Fe-projected/Fe-partial VDOS, g(E),
measured by 57Fe NRIXS at room temperature on the Fe/Ag
(a) and Fe/Cr (b) multilayers containing 57Fe probe layers.
Also, the VDOS of bulk Fe is shown for comparison. The
NRIXS raw data are displayed in Fig. S3 (for Fe/Ag) and
Figure S4 (for Fe/Cr) in Ref. [39].

The VDOS of the center Fe layer in Fig. 3(a) shows similar-
ities to the VDOS of bulk Fe: the latter is characterized by the
sharp longitudinal-acoustic (LA) phonon peak at 36 meV and
by the two resolved transverse-acoustic (TA) phonon peaks at
∼23 and ∼27 meV [71]. However, as compared to the LA
peak height of ∼220 eV−1 at. vol.−1 of bulk Fe, the LA peak
in the center Fe layer appears to be reduced to ∼150 eV−1 at.
vol.−1, thus approaching the TA peak height of ∼150 eV−1

at. vol.−1 in the center Fe layer of the Fe/Ag multilayer. It is
also interesting that the low-energy part of the VDOS below
∼20 meV is enhanced for the Fe/Ag center layer. In Fig. 3(a),
the cut-off energies of the center Fe layer and of bulk Fe are
found to be about equal (∼39–40 meV). For Fe/Ag, one can
notice differences between the VDOS of the center Fe layer
and of the interface Fe layer. Figure 3(a) reveals important
features: (i) the LA-phonon peak for the interface is remarkably
reduced to ∼130 eV−1 at. vol.−1 and simultaneously is shifted
to lower energy (to ∼33 meV); quantitatively, the ratio of the
peak heights near 35 meV for the Fe/Ag interface layer to the
center layer is found to be 0.87. (ii) the TA-phonon peaks for
the interface become dominant and shift to lower energies, with
a maximum at ∼24 meV (and height ∼160 eV−1 at.vol.−1) and
with a strong side peak at ∼20 meV (and height ∼145 eV−1

at. vol.−1); (iii) for the interface, a strong enhancement of
g(E) exists in the low-energy region (E< ∼ 20 meV), which

024308-7



W. KEUNE et al. PHYSICAL REVIEW B 98, 024308 (2018)

FIG. 3. Fe-projected vibrational density of states (VDOS), g(E),
obtained by 57Fe NRIXS at room temperature for (a) Fe/Ag mul-
tilayers, and (b) Fe/Cr multilayers. All samples contain ultrathin
57Fe probe layers either at the interface or in the center of the Fe
layer. (a) Fe/Ag center layer (blue line) and interface layer (red line).
(b) Fe/Cr center layer (green line) and interface layer (orange line).
For comparison, also the VDOS of bulk bcc Fe at room temperature
is shown (black lines), and the position of the LA peak near 36 meV
is shown by the vertical dotted line. The energy resolution �E is
0.9 meV for Fe/Ag and 2.3 meV for Fe/Cr. Representative error bars
are shown in (a) and (b).

is much stronger than that for the center layer. This observation
implies that the phonon features experience a distinct red shift
in the interface Fe layer of Fe/Ag as compared to the center Fe
layer of bulk bcc Fe. Looking at the cut-off-energy of ∼39–40
meV in the VDOS in Fig. 3(a), it remains the same for the
center Fe and interface Fe layer within error margins.

As for the Fe/Cr multilayer, Fig. 3(b), the center Fe layer
exhibits a VDOS very similar to that of bulk Fe, showing
a dominant sharp LA-phonon peak at 35 meV (and height
∼175 eV−1 at. vol.−1) and the two TA-phonon peaks at
27 meV (height ∼155 eV−1 at.vol.−1) and 23 meV (height
∼150 eV−1 at.vol.−1). As compared to the LA peak of bulk Fe
height (∼220 eV−1at.vol.−1), obviously, the LA-peak height
is reduced in the center Fe layer, contrary to the positions and
the heights of the TA-phonon peaks, which are about similar
to those of bulk Fe. The situation changes for the interface

TABLE I. Longitudinal-acoustic (LA) phonon peak height in g(E)
near ∼35 meV, relative change �g(E) [relative to g(E) at 36 meV of
bulk Fe], and LA phonon peak energy, as obtained by 57Fe NRIXS.
The data marked by * are taken from Ref. [21] for Fe/Ag and Fe/Cr
multilayers with homogeneous 57Fe layers.

g(E) peak change LA peak
height �g(E) energy

Sample (eV−1at.vol.−1) (%) (meV)

Fe/Ag interface ∼130 40.9 ∼33
Fe/Ag center ∼150 31.8 ∼34
[Fe(8 nm)/Ag(4 nm)]15∗ 162 26.4 34.9
Fe/Cr interface ∼150 31.8 ∼35
Fe/Cr center ∼175 20.4 ∼35
[Fe(8 nm)/Cr(4 nm)]15∗ 185 15.9 35.2
Bulk bcc Fe ∼220 0 36.0

Fe layer in Fe/Cr, as can be seen in Fig. 3(b). Although
the position of the sharp LA-phonon peak at 35 meV in the
interface Fe layer remains the same as in the center Fe layer,
the LA peak height of the interface is reduced to a value
of 150 eV−1at.vol.−1. The experimental ratio of g(E) near
∼35 meV for the interface to the center Fe layer is found
to be 0.91, which is somewhat larger than the same ratio for
Fe/Ag. Simultaneously, the two TA-phonon peaks become
badly resolved at the Fe/Cr interface. The TA-phonon feature
increases in peak height to a value of 170 eV−1at.vol.−1 at
23 meV, and the higher-energy TA peak shifts from 27 meV
(in the center Fe layer) to ∼25 meV in the interface Fe layer.
Also, it is interesting that for Fe/Cr in the low-energy regime
below ∼18 meV no measurable difference exists in g(E) of
the interface Fe, the center Fe layer and bulk bcc Fe, Fig. 3(b),
in striking contrast to the case of the Fe/Ag interface layer,
for which an overall strong red shift of the VDOS is observed
at low phonon energies [Fig. 3(a)]. The typical features in the
VDOS of Fe/Ag and Fe/Cr center and interface Fe layers,
respectively, are summarized in Table I.

A qualitatively similar reduction of the LA-phonon peak
height at ∼35 meV combined with an enhancement of the
low-energy part of the VDOS below ∼18 meV, as in the
present Fe/Ag samples, was previously observed in nanoscale
polycrystalline [57Fe/Ag(40 Å)]15 multilayers containing ho-
mogeneous 57Fe layers 1.5 to 4 nm in thickness when the
57Fe layer thickness decreases down to 1.5 nm [21]. This
effect was attributed to Fe phonon confinement and interface
localization due to the VDOS energy mismatch between of Fe
and Ag. These phenomena were found to be nearly absent in
polycrystalline [57Fe/Cr(40Å)]15 multilayers containing thin
homogeneous 57Fe layers.

The NRIXS results allow the calculation of vibrational ther-
modynamic quantities. These quantities are given in Table II.
The corresponding equations for the calculations, relating
g(E) and the thermodynamic quantities, can be found in the
literature [5–8,58]. One can notice in Table II that in the
Fe/Ag multilayer system the Lamb-Mössbauer factor, fLM,
and the mean atomic force constant are significantly reduced,
and the vibrational entropy is enhanced at the Fe/Ag interface
as compared to the center Fe layer. This is in contrast to the
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TABLE II. Fe-specific vibrational thermodynamic quantities of the Fe/Ag (Fe/Cr) center sample and Fe/Ag (Fe/Cr) interface sample
at room temperature, extracted from the experimental phonon density of states in Fig. 3. Lamb-Mössbauer factor (fLM), kinetic energy (K),
vibrational entropy (SV) at constant volume, vibrational specific heat (CV) and mean atomic force constant. The data marked with * correspond
to polycrystalline references samples discussed in Ref. [21].

Lamb-Mössbauer Kinetic Energy, Vibrational entropy, Vibrational specific heat, Mean atomic force
Sample factor, fLM K (meV/atom) Sv (kB/atom) Cv(kB/atom) constant (N/m)

Fe/Ag center 0.773 ± 0.003 42.3 ± 0.5 3.24 ± 0.02 2.74 ± 0.02 161 ± 6
Fe/Ag interface 0.734 ± 0.003 42.0 ± 0.5 3.51 ± 0.03 2.76 ± 0.02 151 ± 6
[57Fe(8 nm)/Ag(4 nm)]15 multilayer* 0.765 ± 0.0006 42.1 ± 0.2 3.279 ± 0.009 2.752 ± 0.009 152 ± 2
[57Fe(1.5 nm)/Ag(4 nm)]15 multilayer* 0.7147 ± 0.0007 41.8 ± 0.2 3.46 ± 0.01 2.77 ± 0.01 140 ± 2
Fe/Cr center 0.785 ± 0.003 42.5 ± 0.3 3.19 ± 0.02 2.74 ± 0.02 162 ± 5
Fe/Cr interface 0.787 ± 0.003 42.3 ± 0.3 3.20 ± 0.02 2.74 ± 0.02 159 ± 5
[57Fe(8 nm)/Cr(4 nm)]15 multilayer* 0.7812 ± 0.004 42.4 ± 0.1 3.203 ± 0.006 2.735 ± 0.006 166 ± 1
[57Fe(2 nm)/Cr(4 nm)]15 multilayer* 0.7827 ± 0.0007 42.3 ± 0.2 3.23 ± 0.01 2.740 ± 0.01 160 ± 2
Bulk bcc-Fe 0.7951 ± 0.0006 42.54 ± 0.06 3.133 ± 0.009 2.723 ± 0.009 175 ± 2

Fe/Cr multilayer, where no significant change in these quan-
tities between the interface and the center layer is observed.
According to Table II, bulk bcc Fe has the largest fLM and the
largest mean atomic force constant, but the smallest vibrational
entropy and smallest vibrational specific heat.

Interestingly, qualitatively similar modifications in the high-
energy and low-energy part of the Fe-VDOS of the Fe/Ag
multilayers from the Fe bulk properties were observed by
NRIXS in a single epitaxial bcc-Fe layer on W(110) [72]
deposited and studied in ultrahigh vacuum. Moreover, phonon
damping in polycrystalline bcc-Fe thin films deposited onto a
Pd buffer layer, again with qualitatively similar modifications
of the Fe-VDOS, was reported in Ref. [73]. These results are in
line with our present observation on Fe/Ag, since both bulk W
and Pd are “soft” materials from the phonon point of view, with
lower Debye temperatures (θD) of 400 and 274 K, respectively,
as compared to θD(Fe) = 470 K of bulk bcc-Fe [16].

B. Theory

1. Phonon density of states, confinement and localization

Figure 4 shows the calculated element-projected phonon
density of states (VDOS) of (a) Fe/Ag and (b) Fe/Cr multi-
layers, respectively. Here, only the VDOS for the interface
and center layers are displayed [meaning the center of the
individual Fe or Ag (Cr) films]. The computation described
in this section provides the directionally unprojected partial
VDOS. (For the direction-projected partial Fe-VDOS, see
Sec. IV B 3 below.)

The VDOS for the Fe interface layer in the Fe/Ag system
shows unique features and remarkable changes as compared to
the more bulklike VDOS of the center Fe layer, Fig. 4(a). The
VDOS of the Fe interface in Fe/Ag has several distinct features
and is far from the typical appearance of the bulk Fe phonon
density of states, and even resembles more the VDOS of the Ag
interface layer, but is shifted to higher energy. The signature
peak of bulk bcc Fe (essentially the longitudinal-acoustic (LA)
phonon peak at 34.5 meV in the computation) is completely
diminished for interfacial Fe, combined with a remarkable
increase of the low-energy phonon peaks. Eigenvector analysis
[Fig. 5(a)] shows that this mode is a mixed mode confined in

FIG. 4. DFT-calculated element-projected (partial) phonon den-
sity of states (VDOS) for (a) Fe/Ag(001) and (b) for Fe/Cr(001)
multilayers. Only the VDOS of the interfacial and center layers of Fe
and Ag or Cr are shown. (c) Calculated layer-resolved Fe-projected
VDOS for the Fe/Ag(001) multilayer. Layer 1 (red: interface Fe layer;
layer 2 (blue): second Fe layer from the interface; layer 3 (green):
third Fe layer from the interface; layer 4 (black): center Fe layer. A
Fermi-level smearing of 0.2 eV was used in the DFT calculations.
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FIG. 5. (a) Eigenvector analysis of the calculated longitudinal-
acoustic phonon mode at 35 meV vs the atomic-layer number in
the bilayer of the Fe(8 ML)/Ag(8 ML) multilayer. The vibrational
amplitude (vertical scale, arb. units) is found to decrease abruptly
nearly to zero at the Fe/Ag interface (Fe layers number 1 and
8) as compared to the center Fe layer (Fe layer number 4). This
demonstrates confinement of the 35-meV mode in the Fe layer.
(b) Eigenvector analysis of the calculated phonon mode at 15 meV vs
the atomic-layer number in the bilayer of the Fe(8 ML)/Ag(8 ML)
multilayer. The vibrational amplitude (vertical scale, arb. units)
demonstrates that the 15-meV phonon mode of Fe is coupled with
the 15-meV vibrations of center Ag layers.

Fe layers (mostly in-plane vibrations with small cross-plane
displacements). On the other hand, the VDOS of the center
Fe layer, Fig. 4(a), is almost similar to the VDOS of bulk Fe
[71] and is characterized by the dominant (LA phonon) peak
at 35.6 meV and by the two peaks of transverse-acoustic (TA)
phonons at 23.0 meV (T1) and 27.0 meV (T2) [71]. These
features indicate that (contrary to the Fe interface layers) the
Fe phonons in the Fe center layers do not sense a significant
perturbation by the Fe/Ag interface.

The calculated Ag-partial VDOS, Fig. 4(a), shows that the
VDOS of the Ag center layer is characterized by a dominant
peak at 19.3 meV (the LA phonon peak) and peaks at 11.2
and 7.2 meV (TA phonon peaks). These features are in good
agreement with the VDOS of bulk Ag [71]. For the Ag interface
layer, the LA phonon peak at 19.3 meV is strongly reduced,
and at low energy (8.8 meV) a new dominant and broad feature
appears. Our observation for Ag in Fig. 4(a) implies that
an overall hardening of the Ag phonons occurs going from
the center Ag layer to the interface Ag layer in the Fe/Ag
multilayer. One can also see in Fig. 4(a) that the calculated
cutoff energy of ∼23 meV of the Ag partial VDOS in the center
Ag layer is smaller than the cutoff energy of about 29 meV for
the interface Ag layer.

Not as drastic as the case of Fe/Ag but the VDOS of the Fe
interface in the Fe/Cr system shows similar trends and shares
some common features, i.e., a decrease (but no shift) of the
LA-phonon peak (now at 35.6 meV) as compared to the VDOS
of the center Fe layer and a smearing of the two TA phonon
peaks resulting in a new peak at 24–27 meV, Fig. 4(b). For the
center Fe layer, the LA-phonon peak (at 39.6 meV) is rather
sharp, and the two TA-phonon peaks at 24.4 meV and 27.3
meV are resolved, but they show an asymmetry in peak heights.
The Cr-projected VDOS of the Cr layers shows softening: the
main peak at 39.9 meV (LA phonons) shifts to 36.7 meV, in
going from the center Cr layer to the interface Cr layer, and the
two TA modes at 27.3 and 33.0 meV are smeared but remain
resolved.

Figure 4(c) exhibits the calculated layer-resolved Fe-partial
VDOS for the Fe/Ag multilayer. One can observe a systematic
trend: while Fe layer 4 (center layer) shows a VDOS rather
similar to that of bulk Fe with the distinct LA phonon peak
at ∼35 meV and TA phonon peaks at ∼27 and ∼23 meV,
the dominant feature at ∼35 meV shifts to lower energy and
decreases in peak height the closer the Fe layer approaches the
interface. For instance, for Fe layers 3 and 2, the LA phonon
peak shifts to ∼34.3 and ∼ 34.0 meV, respectively. For Fe layer
1 (the interface layer), the LA phonon peak typical for bulk Fe
nearly disappears. From Fig. 4(c), the theoretical peak-height
ratio in g(E) near ∼35 meV for the interface (Fe layer 1) to
the center Fe layer (Fe layer 4) is equal to 0.103 only, which
is far off from the corresponding experimental ratio of 0.87
for Fe/Ag. It is interesting, however, that this theoretical ratio
jumps to ∼0.80 and thus nearly approaches the experimental
value of 0.87, if the ratio is calculated for the subinterface (Fe
layer 2) to the center layer (Fe layer 4) in Fig. 4(c).

Combined with the reduction of the LA phonon peak, drastic
changes occur in the features characteristic for the lower-
energy Fe phonons as one approaches the Fe/Ag interface: in
Fe layers 3 and 2, the two TA phonon peaks around ∼23 and
∼27 meV are still observable, but their relative peak heights
are strongly modified, and simultaneously a low-energy feature
near ∼15 meV emerges. These effects at low phonon energies
are most drastic for the Fe layer 1 (the interface Fe layer),
for which the feature at ∼15 meV becomes dominant at the
expense of the higher energy part of the VDOS. Note that
the energies of the enhanced Fe phonons below ∼25 meV in
the VDOS of Fe layers overlap with those in the VDOS of Ag
layers, see Fig. 4(a), indicating that the Fe phonons couple with
the Ag ones at the corresponding energies. For example, the
eigenvector analysis of the 15-meV mode demonstrates that
it is in fact coupled with the vibrations of center Ag layers,
Fig. 5(b). It is thus clear that the low-energy enhancement is
caused by softening of Fe phonons due to coupling with Ag
phonons. One can also notice in Fig. 4(c) that the calculated
cut-off energy of ∼39 meV of the Fe-projected VDOS is
independent of the layer distance to the Fe/Ag interface.
Moreover, Fe phonons above ∼29 meV have no counterpart in
the VDOS of Ag, Fig. 4(a), indicating their confinement in the
Fe layers. The layer-resolved eigenvector analysis of each Fe
layer for the 35-meV mode, as shown in Fig. 5(a) shows that
in going from the Fe center layer to the Fe interface layer,
the vibrational amplitude abruptly decreases nearly to zero
since the Ag layers cannot accommodate their high-frequency
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FIG. 6. (a) The calculated NIPR spectrum of the Fe/Ag(001) multilayer system. The horizontal dashed line represents the condition that
N/NIPR = 6. Phonons above the dashed line are considered as localized vibrations in a single layer; (b) The eigenvectors of atoms of the
localized phonon mode at 9.6 meV with the highest NIPR value [14.9 in (a)]. This mode is localized at the Ag interface layer.

vibration owing to the large mass ratio of ∼2 for Ag/Fe. Such
a phenomenon is not expected for Fe/Cr with a mass ratio
of ∼1.

Furthermore, there are “localized” phonon modes, whose
vibrations are confined in a single (either Fe or Ag) atomic
layer, which can be either an interfacial or noninterfacial layer.
To identify localized modes, we use the normalized inverse
participation ratio (NIPR) [3], which is defined for eigenvectors
uiα of a phonon k, as

NIPR[k] = N

N∑
i=1

(
3∑

α=1

u2
iα[k]

)2

,

where N is the number of atoms. The larger the NIPR,
the more localized the phonon and N/NIPR represents the
number of participating atoms in the motion of phonon k.
Figure 6(a) presents the calculated NIPR for Fe/Ag phonon
modes. Clearly, phonons with low energy, especially, below
15.2 meV, are more localized than those with high energy above
23 meV. In our Fe/Ag multilayer system, each layer consists
of 4 Fe (or Ag) atoms. Thus, if N/NIPR� 6, it may be regarded
as localized in a single layer. Figure 6(a) shows that all of the
localized modes in a single layer have energy smaller than 15.2
meV. All localized modes turn out to be cross-plane modes (the
wave vector is pointing along the [001] direction perpendicular
to the film plane) with in-plane vibrations. About 58% (42%)
of the localized modes are Ag (Fe) modes, and, importantly,
88% of the localized (Fe and Ag) modes are localized at the
interface. Such a mode is shown in Fig. 6(b).

We may compare our DFT-based interfacial VDOS in the
present Fe/Ag multilayer with g(E) at the Fe/Ag interface
of Fe nanoclusters deposited on a Ag(001) substrate, as
obtained from molecular dynamics calculations [74]. The
Fe/Ag interface of the Fe nanoclusters was defined by Fe
atoms with at least one Ag atom in the first two atomic
neighbor shells. The calculated g(E) at the interface in these
Fe nanoclusters on Ag(001) looks drastically different from
the corresponding experimental and DFT-computed VDOS in
the present Fe/Ag(001) multilayers. The calculated interfacial
g(E) of the Fe nanoclusters was found to extend up to very
high phonon energies (up to ∼60 meV), has a very broad
maximum at∼25 meV, and exhibits a low-energy enhancement

below ∼15 meV relative to g(E) of bulk bcc Fe. The center
region of the Fe nanoclusters was calculated to have a bulklike
VDOS, except that the ∼36-meV peak is reduced. This effect
has been previously ascribed to phonon damping [75,76], and
may be due to ∼36-meV phonon confinement in the center
region of the Fe nanoclusters [74]. The ∼36-meV peak of
bulk bcc Fe or of the center region in the nanoclusters is
practically absent at the Fe/Ag interface of the nanoclusters,
and instead a very broad shoulder evolves. We speculate
that the distinct differences observed between the molecular-
dynamics calculated interfacial g(E) of the Fe nanoclusters on
Ag(001) and the experimental and DFT-computed interfacial
VDOS in the present Fe/Ag(001) multilayers may be caused
by strong interfacial stress/strain in the Fe nanoclusters.

2. Electronic structure

In order to understand the causes of such remarkably
different results for the vibrational dynamics of interfaces in
Fe/Ag and Fe/Cr multilayers, we first analyze the geometric
structure of our model systems shown in Figs. 1(c) and 1(d).
The calculated average interlayer distances for central Fe-Fe
and Ag-Ag layers are 1.401 and 2.136 Å, respectively, in close
agreement with a previous theoretical study (1.38 and 2.07
Å, respectively [77]). Our calculated distance for the Fe-Ag
interface separation [Fig. 1(c)] is 1.899 Å, which is ∼36%
longer than the average central Fe-Fe interlayer distance (1.401
Å), but ∼11% shorter than the average center Ag-Ag interlayer
distance (2.135 Å). Our Fe-Ag interface separation distance
(1.899 Å) is slightly larger than the one in the previous study
(1.85 Å) [77]. The Fe-Cr interface separation (1.380 Å) shows
a similar trend [(Fig. 1(d)]. We find next that the calculated
electronic structure also shows strong chemical interaction at
the Fe/Ag and Fe/Cr interfaces. For Fe/Ag, the calculated
magnetic moment μFe,int of 2.8 μB of the Fe interfacial atoms,
Fig. 7(a), is found to be substantially higher than that of the
other Fe atoms (μFe,center = 2.3 μB), including the center Fe
layers in agreement with the previous study (2.82 μB) [77].
This is the result of electronic charge transfer from Fe to Ag
atoms at the interface, as shown in Fig. 7(b): ∼ 0.15 electrons
are transferred from a Fe interface atom to an Ag interface
atom. The situation is quite different for the Fe/Cr multilayer.
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FIG. 7. DFT-calculated layer-resolved (a) magnetic moments and
(b) d-valence charge change along the film normal direction of
Fe/Ag(001) and Fe/Cr(001) multilayers, respectively. In (b), the
positive value means electron accumulation (or valence increase),
and the negative value means electron depletion (or valence decrease).
Layer index 5: center Fe layer; layer index 8: interface Fe layer; layer
index 9: interface Ag (or Cr) layer; and layer index 12: center Ag (or
Cr) layer.

Here, the calculated magnetic moment of an interface Fe
atom of μFe,int = 1.9 μB appears to be reduced relative to
μFe,center = 2.3 μB of the center Fe layer, Fig. 7(a), which is
the result of charge transfer of 0.32 electrons from a Cr atom
to a Fe atom at the interface, Fig. 7(b).

The transferred electrons induce strong electrostatic cou-
pling between Fe/Ag interface layers resulting in a hardening
of the Ag-Fe bond at the interface. This hardening can be
seen in the VDOS of the Fe/Ag interface. In Fig. 4(c), the Fe
signature peak in the VDOS near 35 meV slightly decreases in
energy going from the center towards the interface (35.3 meV
for the fourth layer, 34.2 meV for the third layer, and 34.0 meV
for the second layer). However, at the interface, the energy
slightly increases again to 34.2 meV. This increase may be
attributed to the strong coupling between Fe and Ag interface
atoms, although Fe-Fe coupling gets weaker going towards
the interface, as electron charge density redistributes from the
center to the interface.

The calculated Fe-projected layer-resolved electronic den-
sity of states D(E) is presented in Fig. 8(a) for Fe/Ag and
in Fig. 8(b) for Fe/Cr. We find that a strong perturbation
in the electronic structure occurs only directly at the Fe/Ag
interface. More spin-up and less spin-down states are occupied

in such a way that Fe donates more spin-down electrons to Ag,
but receives less spin-up electrons from Ag. Since Ag at the
interface has an almost fully occupied d band (note: the d band
of an isolated Ag atom is full), Ag can receive only spin-down
electrons and becomes completely non-spin-polarized. [Note
in Fig. 7(a) that interfacial Ag has no magnetic moment.]

Note that completely new peaks in D(E) [labeled A for
spin-up (↑) and B for spin-down (↓) states] appear for the
Fe/Ag interface [Fig. 8(a)], which does not occur either for
the inner Fe layers or for the Fe/Cr interface, Fig. 8(b). This is
the reason for the existence of a large predicted electronic spin
polarization P = [D↑(EF)–D↓(EF)]/[D↑(EF) + D↓(EF)] at
the Fermi energy EF for the Fe(001)/Ag(001) interface: P =
–0.79 (or −79%) is obtained from Fig. 8(a). Normally, such
a large perturbation in the electronic structure of the Fe/Ag
interface would affect the dynamic stability of the interface,
causing softening in the VDOS. Indeed, in our calculated
phonon dispersion curves (Fig. S5, Ref. [39]) there are neg-
ative modes at the � point associated with the interface,
suggesting a long-ranged instability of the modeled Fe/Ag
interface.

Another aspect to be considered regarding the instability of
the Fe/Ag and Fe/Cr multilayers is the occurrence of large
charge transfer at the interface (0.32 electrons for Fe/Cr and
0.15 electrons for Fe/Ag). In general, this would put the Fe
multilayers into a recurring sandwich structure of alternating
positive and negative layers. If the net electric dipole moment
of such structures is not zero, such multilayers are inherently
unstable (Figs. S5 and S6, in Ref. [39]). In order to become
stabilized, the interface would reconstruct [78]. Interestingly,
our experiments indicate that only ∼26% of Fe atoms (or ∼0.2
ML of the ∼0.7-ML-thick 57Fe interfacial probe layer) at the
interface are in contact with Ag atoms and possibly 57Fe islands
are formed at the interface, whereas there is much stronger
intermixing in the Fe/Cr interfacial region (79% of the 57Fe
probe layers sense Cr atoms, see Sec. II B), combined with
approximate layer-by-layer growth. In the non-flat Fe/Ag and
highly-intermixed Fe/Cr interfaces in the experiment such
a polarized interface as seen in our theoretical model may
not result. If so, the difference in interface structure may
be the primary cause for the described discrepancies in our
experiment and theoretical results, particularly the drastic
reduction of the VDOS of the 35-meV mode for the Fe/Ag
interface. We also would like to note that in a previous study
[79] the reconstruction (island formation and intermixing) of
the perfectly flat Fe/Ag interface was attributed to interface
strain due to lattice mismatch and (or) surface energy mismatch
between Ag and Fe. A similar explanation was given for the
reconstruction of Fe/Au multilayers [32]. Thus the actual cause
for the instability of the perfect interface can be of elastic and
electrostatic origin.

Another factor for the discrepancy can be that the experi-
mental Fe-specific VDOS represents the Fe-VDOS projected
to the direction of the grazing-incident x-ray beam, as has been
outlined in Sec. II C, while the DFT calculated VDOS of this
section comprises the total (unprojected) Fe-partial VDOS.
The experimental Fe-VDOS might not completely include the
full contribution from the cross-plane phonon modes due to
the experimental setup. Due to the asymmetry of the multilayer
structure of our sample, such cross-plane phonons are expected
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FIG. 8. DFT-calculated layer- and spin-resolved electronic density of states, D(E), of the Fe layer in (a) Fe/Ag(001) multilayer and
(b) Fe/Cr(001) multilayer. Fe layer 1 is located directly at the Fe/Ag or Fe/Cr interface, and Fe layer 4 is is the center layer in the Fe film. Fe
layer 2 (Fe layer 3) is the second (third) Fe layer from the interface. Majority spins: black lines; minority spins: red dotted lines. (EF = Fermi
energy). A and B indicate peaks that exist only at the Fe/Ag interface.

to be different from in-plane phonons, in particular at the
anisotropic interfacial layers of Fe/Ag. Thus they may be
not easily picked up and could be partially missing in the
experimental Fe-VDOS. We will theoretically investigate this
question in Sec. IV B 3 below.

3. Direction-projected Fe-partial VDOS

As we have mentioned in Sec. II C on NRIXS, in the case
of anisotropic solids, Eq. (1) might become important, which
projects the phonon polarization vector ej (q) for a phonon
mode j onto the vector s of the incident x-ray direction
[59]. Equation (1) then leads to the Fe-projected vibrational
(phonon) DOS. In particular, the Fe/Ag(001) interfaces in the
Fe/Ag multilayers appears to be highly anisotropic from the
phonon point of view, much more than the Fe/Cr interfaces.
Thus the calculation of the Fe-projected VDOS under this
geometrical condition is required for the comparison with
the experimental result. We have computed the Fe-projected
VDOS of Fe/Ag and Fe/Cr with the projection along the
incident x-ray beam, i.e., with the beam 4° above the in-plane
[100] direction. (In the following, we will label this geometry
as “[100]-projected” or simply “projected.”)

In Fig. 9, we provide the directionally projected partial
Fe-VDOS and compare them with the experimental Fe-VDOS.
The projection vector s = (0.9976, 0.0, −0.0697) in Cartesian
coordinates was in accord with the direction of the grazing-
incident x-ray beam in the experiment. Figure 9(a) displays
the unprojected (black line) and projected (blue line) calculated
VDOS of the Fe/Ag(001) center layer, and the experimental
VDOS (red line) [from Fig. 3(a)] of the Fe/Ag center sample.
First of all, the unprojected and projected VDOS are virtually
identical for the center Fe layer. This is expected because the
bulklike center layer is locally more or less symmetric, and the
vibrational anisotropy is lost. But as it comes to the subinterface
layer [Fe layer 2 in Fig. 1(c)], due to increased asymmetry,

substantial differences are expected. This is exactly seen
in Fig. 9(b), which displays the unprojected and projected
calculated Fe-VDOS of the Fe/Ag(001) subinterface layer
(black and blue lines, respectively). Going further, Fig. 9(c)
displays the unprojected and projected calculated Fe-VDOS
of the Fe/Ag(001) interface layer (black and blue lines,
respectively), and the experimental Fe-VDOS [from Fig. 3(a)]
of the Fe/Ag interface sample (red line). The projected VDOS
shows substantial change from the unprojected VDOS in the
entire energy range shown, and a consistent trend is that the
projected VDOS shows enhanced features at lower energy and
reduced features at higher phonon energy. These differences
are related to the vibrational anisotropy of the interface Fe
layers in the Fe/Ag(001) multilayer and is a consequence of
Eq. (1).

When we compare the calculated VDOS with the exper-
imental VDOS of the center Fe layer [Fig. 9(a)], they are
in good agreement with the exception of the height of the
signature peak at ∼35 meV. Moreover, we observe an overall
shift to lower energy (red-shift) of the experimental Fe-VDOS
relative to the computed VDOS (lattice softening), very likely
due to the finite measurement temperature (room temperature)
and thermal expansion in the experiment (the DFT-based
calculations are representative of T = 0 K). However, when
it comes to the interface VDOS, the calculated Fe-projected
VDOS of Fe/Ag multilayers agrees only qualitatively with
experiment. The change in the calculated Fe-projected VDOS
at the interface is much more drastic than the change in the
corresponding measured VDOS. Such a large softening of
modes in the calculated Fe-VDOS of the Fe/Ag interface may
suggest that the assumed interface geometry used in our theory
would undergo reconstruction (not considered in our model)
owing to instability of the Fe/Ag interface. In fact, a softening
for the Fe/Ag interface is also observed in the experiment
[Fig. 3(a)], although it is not as dramatic as in the calculation
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FIG. 9. A comparison among unprojected [from Fig. 4(c)] and direction-projected theoretical Fe-VDOS and experimental Fe-VDOS [from
Fig. 3(a)] for Fe/Ag(001) multilayers. The areas below the theoretical VDOS curves are normalized according to the experimental VDOS.
(a) The theoretical unprojected (black line) and projected (blue line) Fe-VDOS of Fe/Ag(001) at the center [Fe layer 4 in Fig. 4(c)] together
with the experimental (red line) VDOS for the Fe center layer in Fe/Ag); (b) the unprojected (black line) and projected (blue line) theoretical
Fe-VDOS of the Fe/Ag(001) subinterface [Fe layer 2 in Fig. 4(c)]. (c) The theoretical unprojected (black line) and projected (blue line)
Fe-VDOS of Fe/Ag(001) at the interface [Fe layer 1 in Fig. 4(c)] together with the experimental (red line) VDOS for the Fe/Ag interface
sample). (d) Best-fit of the experimental interface VDOS (red line) by the sum of the theoretical projected Fe interface and subinterface layer
VDOS. The best fit (blue line) can be obtained by mixing 29% of the calculated interface VDOS and 71% of the calculated subinterface VDOS.

[Fig. 4(a)]. While the experimental Fe-VDOS deviates strongly
from the calculated unprojected and projected g(E) in case of
the interface Fe layer, the experimental g(E) carries features
(peaks) of the Fe subsurface layer, although it is shifted to
lower phonon energy relative to g(E) of the subinterface. The
experimental interfacial VDOS is seen to be located in energy
between the calculated (ideally sharp) Fe/Ag interface (Fe
layer 1) and the subinterface (Fe layer 2). Interestingly, the
least-square fit of the experimental VDOS in Fig. 9(d) can
be obtained by mixing 29% of the projected interface VDOS
and 71% of the projected subinterface VDOS. This suggests
that the experimental VDOS is indeed closer to the theoretical
subinterface VDOS, particularly at high phonon energy, but
comes with substantial contribution from the interface VDOS
at low energy. This observation leads us to conclude that the Fe
local atomic environment near the interface in our experimental
interface Fe/Ag sample is in between that of the ideally
flat interface and that of the ideally flat subinterface. This
conclusion agrees qualitatively with the concept of a slightly
intermixed Fe/Ag interface in the experimental sample, as
inferred from CEMS [see Sec. II B).

For the Fe/Cr(001) multilayer, the direction-projected and
unprojected Fe-VDOS (see Figs. S7(a) and S7(b) in Ref. [39])
hardly show any significant difference. In comparison with

experiment, an excellent agreement among the unprojected and
projected calculated Fe-VDOS and the experimental Fe-VDOS
is found for the Fe center layer (Fig. S7(a), Ref. [39]), but
for the interface Fe layer (Fig. S7(b), Ref. [39]) the calculated
Fe-VDOS shows a much stronger phonon peak around 25 meV
than the experimental VDOS.

V. CONCLUSIONS

Isotope-selective 57Fe nuclear resonant inelastic x-ray
scattering (NRIXS) measurements and atomic-layer resolved
density functional theory (DFT) calculations were used to
investigate the effect of interfaces on the vibrational density
of states (VDOS) of (001)-oriented nanoscale Fe/Ag and
Fe/Cr multilayers. The calculations were performed for the
case of unprojected (total) partial VDOS and for the case
of direction-projected Fe-partial VDOS, with the projection
along the direction of the incident x-ray beam. For Fe/Ag
multilayers, the experimental and theoretical results demon-
strate high-energy phonon confinement in the Fe layers and
lower-energy phonon localization at the Fe/Ag interface due
to the energy mismatch between Ag and Fe phonons. For
the Fe center layer in Fe/Ag, the computed and experimental
Fe-VDOS are in fair agreement and show features of the VDOS
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of bcc Fe. At the Fe/Ag interface, however, the high-energy
longitudinal-acoustic (LA) phonon mode of Fe near ∼35 meV
is strongly suppressed in the calculations, and the low-energy
part of the VDOS below ∼20 meV is drastically enhanced,
as compared to the Fe-specific VDOS in the center Fe layers
or in bulk Fe. These effects (seen in the calculations) are
much less pronounced in the experimental interfacial Fe-
VDOS, very likely due to an imperfect Fe/Ag growth and
atomic intermixing at the Fe/Ag interface. The computed and
experimental Fe-VDOS for the Fe center layer in Fe/Cr are
in good agreement and show features of the VDOS of bcc
Fe. On the other hand, the Fe-VDOS of the Fe/Cr interface
is characterized by some reduction of the ∼35-meV peak and
an enhancement of the VDOS near 24 meV in both experi-
ment and theory, with the 24-meV peak enhancement being
more significant in the calculations. Overall, the experimental
and calculated Fe-projected/Fe-partial VDOS for the Fe/Cr
multilayers are in good agreement. Distinct differences were
observed between the calculated unprojected Fe-VDOS and
the direction-projected Fe-VDOS for the Fe/Ag(001) interface
(but not for the Fe/Cr(001) interface) as a result of its strong
vibrational anisotropy/asymmetry.

Our calculations revealed that both Fe/Ag and Fe/Cr
atoms at the interface are strongly coupled chemically as
indicated by a large charge transfer (0.15 and 0.32 electrons
per layer, respectively). However, such a strong charge transfer
causes the interface to become polarized, potentially leading to
electrostatic instability. It is the large interfacial charge transfer
combined with the large atomic mass ratio of Ag/Fe that results
in the remarkable modification of the Fe-projected VDOS at

the Fe/Ag interface. The experimentally obtained Fe-partial
vibrational thermodynamic properties of the Fe/Ag interface
are found to be different from those in the center of the Fe layer
or from bulk bcc Fe.

We believe that our present findings are generally valid
for other nanoscale metallic multilayer systems with large
interfacial charge transfer and large atomic mass ratio. Our
observation of a strongly modified VDOS at the interface in
a multilayer system have impact on the atomistic understand-
ing of such physical properties of phononic systems, where
the interfacial phonon density of states (VDOS) enters as a
decisive factor, such as, e.g., in phonon transport properties of
multilayers and thermocrystals [4,9,10].
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